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Abstract—Early detection of the disease, prediction of its course, and response to therapy are the main prob-
lems in the diagnostics and treatment of malignant tumors. They may be solved by means of identification of
biomarkers secreted by tumor cells within extracellular vesicles, particularly, exosomes. The study of exoso-
mal proteins attracts special attention, because exosomal proteins can contain information about tumor iden-
tity, and also represent a set of signaling molecules, regulating processes of tumor progression and growth. In
addition, analysis of exosomes secreted into the extracellular space corresponds to the promising concept of
a liquid biopsy. In this review, we have summarized the current information about molecular studies of exo-
somes from various types of malignant tumors, including colorectal cancer, lung cancer, ovary, prostate and
breast cancers, with special emphasis on omics methods and have considered prospects for their use in diag-

nostics.
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INTRODUCTION

Exosomes are detected in almost all human biolog-
ical fluids: blood, urine, saliva, amniotic and cerebro-
spinal fluids, bile, tears, breast milk, and seminal
fluid. Although functions of exosomes are not fully
understood, results of recent studies indicate their role
in intercellular interactions and the regulation of the
functions of the immune system. Moreover, exosomes
play an important role in the biology of tumors, and
are involved in the processes of malignancy, tumor
growth, development of drug resistance of tumor cells,
angiogenesis, and metastasis [1—3]. Almost all cell
types can produce exosomes containing specific pro-
teins, lipids, RNA, and DNA [4]. Since the exosome
composition depends on the cell origin and reflects
physiological and pathological state of the cell, analy-
sis of the molecular cargo of exosomes represents an
attractive approach for the search for new diagnostic,
prognostic, and predictive markers.

Abbreviations used: CEA—cancer embryonic antigen; CRC—
colorectal cancer; EGFR—epidermal growth factor receptor;
ELISA—enzyme-linked immunosorbent assay; ESCRT—endo-
somal sorting complex; HPLC-MS/MS—high performance lig-
uid chromatography coupled with tandem mass spectrometry;
MRM—multiple reaction monitoring; MYVs—microvesicles;
NSCLC—non-small cell lung cancer; nSMase—sphingomyeli-
nase; PCa—prostate cancer; PEG—polyethylene glycol; PSA—
Prostate Specific Antigen; SILAC—Stable Isotope Labeling
with Amino acids in Cell culture.

1. HISTORY OF STUDY, BIOGENESIS,
CHARACTERISTIC MOLECULAR
COMPOSITION OF EXOSOMES

The exosome research is a relatively young direction
in biological science. The term “exosomes” was origi-
nally applied to membrane vesicles obtained from bio-
logical fluids during analysis of reticulocyte differentia-
tion [5, 6]. Initially, the term exosomes was used to define
vesicles of 40—100 nm in size, secreted exclusively by
reticulocytes during differentiation; later it was found that
B-lymphocytes and dendritic cells were also able to
secrete exosomes [7, 8]. In addition, it was demonstrated
that hematopoietic cells, cytotoxic T-lymphocytes,
platelets, neuronal and mast cells also released exosomes
by fusion of intracellular multivesicular endosomes with
the plasma membrane [9, 10].

In the first studies, the process of exosome release
from reticulocytes was considered as one of the mech-
anisms for “waste” withdrawal from cells [11]. Then it
has become increasingly clear that exosomes are
involved in intercellular interactions and in a complex
regulatory system of the immune system functioning.
In 2013, Randy Schekman, James Rothman, and
Thomas Siidhof were awarded with the Nobel Prize in
Physiology and Medicine for the discovery of vesicular
transport, the main transport system of the cell. Fur-
ther studies and understanding of the role and func-
tions of exosomes attracted attention of researchers
around the world and it was found that the vesicles
could play an important role in many physiological
and pathological processes.
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Fig. 1. The scheme of exosome biogenesis. 0, 1, 2, 3 ESCRT—components of the endosomal sorting complex, nSMase—sphin-
gomyelinase, MVB—multivesicular body. Explanations are given in the text.

Various types of mammalian cells secrete exosomes
into the extracellular medium by fusion of intracellular
multivesicles (MVs) with the cell membrane [5, 12].
The characteristic feature of exosome formation,
which differs from direct budding of the plasma mem-
brane, includes the fusion of multivesicular bodies
(endosomes in essence) with the plasma membrane as
opposed to direct budding of the plasma membrane.
The exosome formation can proceed either via the
classical pathway involving ESCRT, or via the
ESCRT-independent mechanism (Fig. 1).

The process of exosome formation via the classical
pathway begins with formation of clathrin-coated
membrane invaginations. Then, invaginated vacuoles
develop into early endosomes loaded with ubiquiti-
nylated products: this process needs involvement of
various components of the ESCRT sorting complex
(ESCRT-0, -1, -2, -3). The next step is the secondary
invagination of the walls of the early exosomes,
which leads to the formation of intraluminal vesicles
that accumulate and mature within the early endo-
somes. Subsequent acidification of the internal con-
tent of endosomes due to the transfer of protons by the
V-ATPase leads to their maturation in late endosomes
[13]. The late endosomes with intraluminal vesicles
are denominated as multivesicular bodies. Subse-
quently, multivesicular bodies either remain in the
cytoplasm and, fusing with lysosomes, participate in
protein degradation, or fusing with the plasma mem-
brane are secreted into the extracellular space in the
form of exosomes [14].

The exosome formation via the ESCRT-indepen-
dent mechanism involves nSMase at the stage of for-
mation of invaginated vacuoles (this enzyme cleaves
sphingomyelin to ceramide); in addition, tetraspanins
CD63, CD9, and CDS8I play an important role in exo-
some biogenesis [15]. The detailed mechanism of exo-
some formation via the ESCRT-independent mecha-
nism is not fully understood.

The membrane structure of exosomes provides
protection of the internal components, and therefore
exosomal transport represents an effective way of
influencing not only surrounding cells, but also on
more distant target cells. Cell-secreted exosomes can
transport to target cells many biological components,
including mRNA, miRNA, DNA fragments, lipids,
and proteins [16, 17].

The composition of a specific exosome proteome
includes proteins associated only with the type of exo-
some-secreting cells, as well as proteins found in most
exosomes, regardless of the source of origin. In gen-
eral, proteins of the plasma membrane, endosomes,
and cytosol are more common in exosomes, while
proteins of the nucleus, mitochondria, endoplasmic
reticulum, and Golgi apparatus are represented to a
lesser extent.

Among the membrane proteins found in exosomes,
tetraspanins CD9, CD37, CD53, CD63, CDS81, and
CD82 are widely represented [18]. The proteins CD?9,
CD63, and CD81 are most frequently used for immu-
noblotting to confirm the effectiveness of exosome
isolation.
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A number of proteins that are most universal for
exosomes are involved in their biogenesis and are
characteristic of endosomes. Proteins such as
TSG101, clathrin, and ALIX/PDCD6IP (pro-
grammed cell death 6-interacting protein) are associ-
ated with the ESCRT sorting complex [19]. A number
of exosome proteins are markers of their origin from
late (CD63, LAMPI1 and LAMP?2 proteins associated
with lysosomes, histocompatibility complex class 11
and RAB7) or early (RAB4, RAB5, RABI11 and
RAB35 proteins) endosomes [15].

Vesicles isolated from various body fluids contain
lipid raft binding proteins, such as flotillins and GPI-
anchored proteins [20].

Among various types of RNA, microRNA is par-
ticularly interesting; it is transported by exosomes and
can influence gene expression in distant cells.

In the context of lipid composition, exosomes are
enriched with cholesterol, phosphatidylserine and
sphingomyelin in comparison with the cell membrane.

Search for exosome markers requires clear under-
standing of experimental conditions used in such stud-
ies as many factors, including pro-inflammatory sig-
nals, hypoxia, oncogen expression, and low pH values
of'the cultivation medium have a significant impact on
qualitative composition of exosome molecules [15]. In
addition, the qualitative determination of exosome
markers that convincingly distinguish them from other
extracellular vesicles is complicated by the heteroge-
neous nature of biogenesis itself and the low specificity
of exosome isolation methods, such as ultracentrifu-
gation and precipitation. In this context, quantitative
determination of marker proteins may become prom-
ising: for example, in our laboratory a method was
developed for quantitative determination of the
marker proteins CD63, CD82, and HSPAS in plasma
exosomes by means of quantitative targeted mass spec-
trometry [21].

1. 1. In silico Sources for Searching
Jjor Exosome Marker Proteins

The potential use of the molecular cargo of exo-
somes as diagnostic markers needs a careful analysis of
these particles and the presentation of the results in a
format convenient for the scientific community. Con-
sidering importance of already obtained data and
growing interest in this field in the future, the open
web  resource  ExoCarta  (http://exocarta.lud-
wig.edu.au) was created in 2009. This portal is a data-
base that has cataloged the molecules identified in
exosomes in recent years; it also contains information
on exosome isolation methods, purification proce-
dures, used samples, and information about the
researcher [22].

Among 100 molecules most often found in exo-
somes (regardless of the source of their origin), there
are proteins involved in signal transmission, such as
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tetraspanins (CD9, CD63, CDS1), integrins (ITBI,
ITA6), nucleotide exchange factors, and GTP-bind-
ing proteins (GNAI2, GNASI, GNAS2, and ARF1),
adapter proteins (proteins 14-3-3 alpha/beta, gamma,
zeta/delta, eta and theta) and annexins 2, 5, 6 and 11.
However, it should be noted that among these
100 molecules of the ExoCarta database there are
many non-specific proteins (e.g. actin, alpha-2-mac-
roglobulin or serum albumin), which are possibly
artefacts of exosome isolation from biological fluids
and cell culture media.

The material from the ExoCarta database can be
useful in planning a targeted study of the molecular
composition of exosomes, for example, for develop-
ment of the MRM method for analysis of proteins.

The ExoCarta database is part of the Vesiclepedia
resource, which summarizes current knowledge and
experimental data for various types of extracellular
vesicles. In addition to ExoCarta, information on the
molecular composition of various extracellular vesi-
cles, including exosomes, is available at the large
EVpedia database (http://evpedia.info).

2. THE ROLE OF EXOSOMES IN TUMOR
BIOLOGY AS A METASTASIS MEDIATOR

Exosomes are part of a widespread transport net-
work through which cells exchange information with
each other via transfer of DNA, RNA, proteins, and
membrane-bound factors. In this context, exosomes
secreted by tumor cells directly affect the tumor
microenvironment, and, due to their spread through
the blood and lymph, affect distant sites, thus creating
a pre-metastatic niche that promotes metastasis,
which Tung and colleagues denominated as the tumor
macroenvironment [23]. It is believed that the main
mechanism of the exosome action consists in immu-
nosuppression. The signal of immunological tolerance
mediated by tumor-derived exosomes leads to inhibi-
tion of proliferation of immune cells, impaired differ-
entiation of monocytes, as well as apoptosis of acti-
vated CD8* T-lymphocytes and stimulation of regula-
tory T-cells that induce paracrine immune
suppression [24].

Exosomes also contribute to metastasis due to met-
abolic reprogramming, which results in the transition
of cells from the use of oxidative phosphorylation as
the main energy source to glycolysis and increases
acidification of the extracellular matrix, which pro-
motes tumor growth [25].

Moreover, exosomes are able to activate oncogenes
in the cells of the target organ for metastasis due to the
transfer of oncogenic proteins from the primary
tumor. For example, it was shown that the epidermal
growth factor receptor (EGFR) from gastric cells was
transported by cancer exosomes to stromal cells of the
liver and triggered expression of hepatocyte oncogenic
growth factor in them [26]. In the case of colorectal
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Fig. 2. The prevalence and frequency of deaths for the main types of malignant tumors. Adapted from [28].

cancer (CRC), in which mutations in the KRAS gene
are frequent, it has been shown that tumor cell exo-
somes transfer oncogenic proteins, the mutant form of
KRAS, EGFR, and integrins — into tumor cells carry-
ing the wild-type KRAS gene, contributing to metasta-
sis and disease progression [27].

Taking into consideration a powerful and versatile
contribution of exosomes to metastasis, their molecu-
lar composition represents a rich source of prognostic
markers that reflect the degree of aggressiveness of the
malignant tumor.

3. APPLICATION OF OMICS APPROACHES
FOR SEARCHING BIOLOGICAL MARKERS
OF MALIGNANT TUMORS IN EXOSOMES

According to WHO, oncological diseases take the
second place in the list of the main causes of death
after diseases of the cardiovascular system. In 2018,
9.6 million people died from malignant tumors. At the
same time, lung cancer, breast cancer, and colorectal
cancer are leading in terms of prevalence, while lung
cancer, colorectal cancer, and gastric cancer are
among the top three in the frequency of deaths
(Fig. 2); they will be discussed below.

It is well known that the difference between the
mortality rates of patients with early and late diag-
nosed stages of cancer is very significant. Modern
methods of therapy significantly prolong the life of
patients with the initial forms of many oncological dis-
eases; this means that reducing mortality from cancer
can be achieved by introducing methods of early diag-
nosis. Moreover, using predictive and prognostic
markers it is possible to predict the response to the
treatment and the severity of the disease in various
patients, thus providing an individual approach to the
patient, which meets the goals of personalized medi-
cine.

Currently, the search for tumor markers, applicable
for creation of new methods of laboratory diagnostics,
is one of the priorities of fundamental oncology. Over
the past few years, the prospects of developing meth-
ods for the cancer diagnostics based on the analysis of
circulating exosomes as factors involved in local tumor

growth and in the generalization of the tumor process
have been proved [29]. The main advantage of this
approach is the non-invasive nature of the study,
which avoids the risks associated with biopsies and
partially solves the problem of tumor heterogeneity.

The rapid development of genomic and proteomic
methods has provided powerful technological plat-
forms for the scientific community; these include
genome-wide sequencing, genome-wide transcrip-
tome analysis, shotgun and targeted mass spectromet-
ric analysis. Such methods are characterized by high
sensitivity, accuracy, specificity, and high perfor-
mance. Table 1 shows that in the context of cancer, the
exosome researchers actively employed the new
opportunities provided by omics approaches.

Below we consider in more details the examples of
studies on tumor exosomes that prove the prospects of
using these microvesicles as a source of biomarkers.

3.1. Lung Cancer

Lung cancer is the leading cause of cancer death
(WHO official data [28]). The high mortality rate is
partly explained by the fact that, according to the
American Association of Pulmonologists, only 16% of
patients are diagnosed with a localized tumor at an
early stage (https://www.lung.org/lung-health-and-
diseases/lung-disease-lookup/lung-cancer/resource-
library/lung-cancer-fact-sheet.html). In this regard,
the development of screening methods is an important
task in the diagnosis of lung cancer. The study of
the molecular composition of exosomes secreted
by lung cancer cells is of particular interest to the
scientific community from the diagnostic viewpoint
[30, 31].

One of the omics directions is analysis of
microRNAs, the class of small non-coding RNAs with
abnormal expression in several types of cancer, which
indicates their key role in the pathogenesis of these
diseases [32]. MicroRNAs bind to the 3'-untranslated
region (3'-UTR) of the target mRNA and this results
in altered expression of the corresponding gene.
Although microRNA profiling has shown promising
results, its use is currently limited by tissue biopsy.
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Table 1. The results of studies of the molecular load of exosomes in various types of tumors using omics approaches
The source of exosomes Molecules identified in exosomes Reference
Lung cancer
Plasma microRNA hsa-miR-17-3p, hsa-miR-21, hsa-miR- [32]
106a, hsa-miR-146, hsa-miR-155, hsa-
miR-191, hsa-miR-192, hsa-miR-203, hsa-
miR-205, hsa-miR-210, hsa-miR-212 and
hsa-miR-214
Biopsy — Increased content of EGFR [37]
Plasma Proteins NY-ESO-1, EGFR, PLAP, EpCam, Alix [38]
Cell lines A549, Proteins of the ESCRT complex STAMI1, STAM2, VPS37B, VPS37C, [39]
HCC827, HBE VPS4B, VTALl
Proteins associated with exosome bio- | ALIX, TSG101, SDCBP, SDCI
genesis
Proteins involved on vesicular transport | VAMP2, VAMPS, SNX2, STX3
Tetraspanins CD9, CD63, CDS8I
Pleural effusion Proteins associated with signal trans- ABI-1, BSG, CAV1, EGFR, GRB2, RAS [40]
duction, immunity, structural organiza-| and SRC protein families
tion of cells and transport
Serum Proteins AHSG, ECM1 [41]
Colorectal cancer
Cell line LIM 1215 Tissue specific proteins CEP55, EPHA2, KRT18, MUCI13, [44]
MAPK4, MINKI1, PCNA, CEA, EpCAM,
EGFR, POLDI1, PPP2RI1B and RUVBLI1
Cell line LIM 1863 Proteins involved in proliferation and HGFR, AREG, EFNBI1, EFNB2, EPHA2-8, [45]
invasion of cancer cells or in signaling EPHBI-4, CTNNBI, TNIK, CRK, GRB2,
pathways associated with carcinogenesis | CEACAM1 and CEACAMS
Cell line SW480 Proteins associated with cell adhesion |[ILK, ITGAI1, ICAM1, CTNNBI1, PKP2 [46]
Cell line SW620 Proteins associated with cancer progres- | AARS, CCDC50, PAK4, ANXAI1, LCK,
sion and appearance of drug resistance LCP1, AK2, HSPA9
Breast cancer
Cell line MCF10A, microRNA miR-21, miR-1246 [47]
MCF7 and MDA-MB-
231
Plasma microRNA miR-21, miR-1246
Cell line Proteins associated with exosome bio- |ACTB/G, TBA1C, K1C9, TPM4, FSCN1, [49]
MDA-MB-231 genesis and cell cycle regulation TAGL2, PDC6I
Proteins associated with regulation of | TERA, ANXAS5, HSP71, PRDX2, UBIQ,
apoptosis PDC6I
Proteins associated with focal adhesion | LAMCI1, ACTB/G
Proteins associated with signaling path- LG3BP, LAMCI1, GBB2, ITA3, ITA6,
ways and modulation of the immune sys- | B2MG
tem during tumor progression
Prostate cancer
Semen fluid Proteins ACTB, GAPDH, PHGDH, LGALS3BP [51]
and SEMGI1, SEMG1, SEMG2, PIP, FNI1,
ACPP, KLK3
Plasma Proteins associated with carcinogenesis | DNA2, PIF1, FHL3, GSTO2, MELK, [52]
and tumor growth IRX5, MCM5, MTUSI1
Ovarian cancer
Cell line SKOV3, CAOV3 | Proteins associated with angiogenesis EBNAI1, MTA1 [53]
Cell line Proteins associated with carcinogenesis | EpCAM, PCNA, TUBB, EGFR, APOE, [54]
OVCAR-3 and IGROV1|and metastasis CLDN3
Biopsy-derived cell lines | microRNA let-7i, miR-16, miR-21 and miR-214 [55]
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Since tumor-specific miRNAs associated with disease
prognosis, including therapeutic resistance, have been
identified, their presence in tumor exosomes can also
be used as a prognostic indicator.

The Rabinowits’s research team isolated exosomes
from the blood of patients with lung adenocarcinoma
and healthy donors by using a combination of size
exclusion chromatography and immunoaffinity isola-
tion of exosomes by EpCAM [33]. Researchers deter-
mined elevated levels for 12 specific exosomal
microRNAs (miR-17-3p, miR-21, miR-106a, miR-
146, miR-155, miR-191, miR-192, miR-203, miR-
205, miR -210, miR-212, and miR-214) in patients
with pulmonary adenocarcinoma as compared with
the healthy control. Thus, a molecular signature was
obtained, which the researchers compared with the
stage of the disease [33]. In addition, the results
showed that the content of exosomal miRNAs and
miRNAs obtained from tumor cells did not have sig-
nificant differences; consequently, the exosome RNA
profile represents a “mirror reflection” of the molec-
ular composition of the tumor.

Other studies have linked a low level of exosomal
miR-146a-5p with resistance to cisplatin [34], and a
high level of expression of exosomal miR-1246 and
miR-208-a with resistance to radiotherapy in patients
with lung adenocarcinoma [35].

Profiling of different miRNA sets in medium-sized
cohorts of patients (n = 40—60) with lung adenocarci-
noma and squamous cell carcinoma of the lung in
comparison with the healthy control has shown rather
high sensitivity (80—97%) and specificity (60—90%);
this suggests the prospects of microRNA analysis for
the diagnostics and screening of this disease [36, 37].

At the protein level, exosomal markers for lung
cancer are mainly examined using antibody-based
techniques (immunoblotting, ELISA). Using these
approaches an increased content of EGFR in exo-
somes was demonstrated in lung cancer patients as
compared with patients with chronic inflammatory
lung diseases [38], and increased expression of mem-
brane-bound protein NY-ESO-1 was determined as
an unfavorable prognostic marker [39].

To date, relatively few results of studies performed
using high-performance proteomic methods have
been published on the protein content of exosomes
secreted by lung cancer cells.

One of the most important studies was performed
by Clark et al. [40]. The researchers used the normal
bronchial tissue cell line and two non-small cell lung
cancer cell lines (NSCLC) A549 and HCCS827 as
model objects. The exosome isolation from the cell
cultures was carried out using a combination of PEG
precipitation methods and subsequent the iodixanol
(OptiPrep™) gradient ultracentrifugation under the
control of electron microscopy and immunoblotting
for determination of the exosomal markers, CD63 and
ALIX. Using mass spectrometric profiling with pre-

liminary SILAC labeling of cell culture proteins, 721
exosomal proteins were quantitatively evaluated [40].
In comparison with normal bronchial cells, the
NSCLC-derived exosomes were enriched with extra-
cellular matrix proteins (EDIL3, MFGES, and
HSPG2), proteases (PAPPA, CTSA and GGT3P),
cell adhesion proteins (DSG2, CDI151, CNTNI,
EPCAM, MPZL1, MPZL2), membrane receptors
(EGFR, GPRCS5A, ITGBI, ITGB6 and TACSTD?2),
proteins involved in proliferation (GRB2, RALA) and
enzyme modulator proteins (GNB1, TOM1L1). The
researchers also found that after addition of tumor-
derived exosome (from the A549 or HCC827 NSCLC
cell lines) to the HBE3 immortalized bronchial cell
line, cell proliferation significantly increased, thus
indicating the role of exosomal proteins in induction
of proliferation in normal epithelial cells. Therefore,
the detected differentially expressed proteins can be
considered as a panel of markers for the risk of metas-
tasis [40].

Park et al. performed a proteomic study of pleural
effusion microvesicles (MVs) of 3 patients with
NSCLC [41]. After differential ultracentrifugation in
the sucrose gradient and iodixanol density gradient
(OptiPrep™), the resultant MVs were evaluated by
electron microscopy and immunoblotting analysis of
the markers CD63, ezrin, and beta-actin. Proteomic
analysis was performed by HPLC-MS/MS with pre-
liminary fractionation of proteins in a 1D-polyacryl-
amide gel. In total, researchers identified 912 exoso-
mal proteins. Moreover, the number of proteins in the
proteomic profile of exosomes associated with molec-
ular transport, immune system functions, and cell
motility was much higher as compared to the parent
cells from which these exosomes originated. Subse-
quent comparison with literature data, revealed that
153 proteins identified in M'Vs were found to be char-
acteristic of pleural effusion, while 67 proteins were
associated with lung tissue. These included such diag-
nostically significant proteins as ABI-1, basidgin
(BSG), caveolin 1 (CAV1), EGFR, GRB2, proteins of
the RAS and SRC family, CEACAM)S5 and cytoplas-
mic inorganic pyrophosphatase (Ppase), specific for
pleural effusion, as well as claudine 1, annexin 1, aqua-
porin 1, CEACAMBS6, specific for lung tissue. This set
of proteins is potentially important for detecting lung
cancer, but it is necessary to validate markers in the
whole plasma or in exosomes isolated from plasma.

More recently, a group of Chinese scientists suc-
cessfully validated alpha-2HS-glycoprotein (AHSG)
and ECM 1 markers, selected from mass spectrometric
analysis of exosomes isolated from serum, in a cohort
of 125 patients with lung cancer at various stages and
46 healthy donors [42]. Data analysis from patients
with lung cancer at an early stage and healthy donors
performed using a combination of two new biomarkers
AHSG, ECMI1 and the cancer-embryonic antigen
(CEA) used in the clinical practice achieved the sensi-

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 14 No. 2 2020



EXOSOMES OF MALIGNANT TUMORS: PROSPECTS OF OMICS DIAGNOSTICS 111

tivity and specificity of the test of 85.7% and 84.4%,
respectively [42].

Thus, high throughput proteomic methods and
methods of microRNA analysis have a high potential
for developing approaches to the screening and diag-
nostics of lung cancer.

3.2. Colorectal Cancer

CRC isthe third most commonly diagnosed cancer
and the second leading cause of cancer-related mor-
tality. Employment of screening programs and new
approaches to therapy over the past twenty years
resulted in a decrease in the mortality rate by 35% [43].
The main problem consists in the resistance to therapy
due to the tumor heterogeneity determined by muta-
tions in various genes (e.g, such as KRAS, NRAS,
BRAF, PIK3CA), as well as a poor prognosis for
patients with metastatic CRC. Thus, the search for
new prognostic and predictive markers, including
those secreted by exosomes is an important problem.

According to the latest data, exosome formation by
CRC cells is necessary not only for intercellular com-
munication, but also for removal of tumor suppressor
microRNAs (miR-193a) from cells: this stimulates
tumor proliferation and growth [44].

In order to determine CRC specific exosomal pro-
teins, the LIM1215 cell M'Vs were isolated by immu-
noaffinity separation using the surface antigen A33.
The efficiency of exosome isolation was evaluated by
immunoblotting using the markers A33, TSG101, and
HSP70. Based on the results of high-resolution mass
spectrometry and subsequent bioinformatics analysis,
tissue-specific proteins in the exosomes of CRC cells
were determined; these included antigen A33, cad-
herin 17, claudins 1, 3, and 7, centrosomal protein
55 kDa (CEPS55), ephrin B1 and ephrin B2, ephrin
type-A receptor 2 (EPHA2), keratin 18 (KRT18),
mucin 13 (MUCI13), protein kinases MAPK4 and
MINKI1, proliferating cell nuclear antigen (PCNA),
CEA, EpCAM, EGFR, POLDI1, PPP2R1B and
RUVBLI proteins [45]. This wide list includes prom-
ising diagnostically significant molecules, which
require further validation.

Tauro et al. isolated exosomes from colorectal car-
cinoma cell culture LIM 1863 to compare morpholog-
ical and proteomic profiles of exosomes isolated by
three different methods: ultracentrifugation, Opti-
Prep™ gradient centrifugation and using EpCAM
antibodies coated magnetic beads [46]. Among
171 unique proteins identified in the study, there were
proteins involved in the proliferation and invasion of
cancer cells as proto-oncogenes, or components of the
signaling pathways associated with carcinogenesis:
HGFR, AREG, EFNBI, EFNB2, EPHA2-8,
EPHBI1-4, CTNNBI1, TNIK, CRK, GRB2,
CEACAMI, and CEACAMS.

Researchers from Korea performed a comparative
proteomic analysis of exosomes obtained from pri-
mary human CRC cells (SW480) and their metastatic
derivatives (SW620) [47]. Using quantitative pro-
teomic analysis, 803 and 787 proteins were identified
in the EV4 SW480 and EV6 SW620 lines, respectively.
Exosomes obtained from the SW480 cell line were
enriched with adhesion-associated proteins (ILK,
ITGAI1, ICAM1, CTNNBI1, PKP2, etc.), while the
proteins identified in the exosomes of the SW620 cell
line were involved in cancer progression and played a
role in the appearance of drug resistance (AARS,
CCDC50, PAK4, ANXAl, LCK, LCPl1, AK2,
HSPAO9, etc.) [47].

3.3. Breast Cancer

Studies performed on the MCF10A, MCF7, and
MDA-MB-231 breast cancer cell lines have shown
that breast cancer exosomes are enriched in certain
types of miRNAs (such as miR-21 and miR-1246), the
same miRNAs are detected in plasma of PDX mice
with breast cancer and their levels are significantly
increased in plasma of breast cancer patients [48].
These results support the concept that exosome
miRNAs can serve as an important additional diag-
nostic tool for breast cancer.

Chow et al. found that exosomes from the MDA-
MB-231 and MCF?7 breast cancer cell lines induced
NF-xB activation in macrophages [49].

Italian and Swiss scientists have shown that exo-
somes secreted by MDA-MB-231 breast cancer cells
play a role in tumor metastasis. The authors compared
proteomes of isolated exosomes and the whole lysate
of breast cancer cells. The proteomic analysis revealed
molecules involved in exosome biogenesis and cell
cycle regulation (ACTB/G, TBAI1C, K1C9, TPM4,
FSCNI1, TAGL2, and PDC6I), apoptosis regulation
(TERA, ANXAS5, HSP71, PRDX2, UBIQ, and
PDC61) as well as proteins playing an important role
in signaling pathways and modulation of the immune
system during tumor progression (LG3BP, LAMCI,
GBB2, ITA3, ITA6, and B2MG) and focal adhesion
(LAMCI1, ACTB/G) [50].

3.4. Prostate Cancer

Currently, PSA is widely used in current clinical
practice as a PCa marker. However, PSA is an organ-
specific marker; in this context its increase not neces-
sarily means tissue malignization. A new trend in the
PCa study is the proteomic analysis of prostasomes
(prostate specific exosomes) to search for new bio-
markers. In the case of PCa, prostasomes appear not
only in the prostatic fluid (as it occurs under normal
conditions), but also in other peripheral body fluids:
blood, urine, and sperm [51].

Semen plasma is an excellent source of biomarkers
because it circulates and contacts the reproductive sys-
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tem. Proteomic analysis can be used to search bio-
markers of infertility and PCa. In a study by Yang et al.
exosomes were isolated by ultracentrifugation in a
sucrose density gradient, followed by Western blot
analysis of samples [52]. The particle size and concen-
tration were determined using the method of analysis
of nanoparticle trajectories. The morphology of semi-
nal exosomes was confirmed using transmission elec-
tron microscopy. Isolated proteins were determined
using HPLC-MS/MS analysis. The semen liquid
samples were obtained from 12 healthy donors and
randomly divided into two groups for two biological
repeats. The analysis resulted in identification of 1474
proteins, including 354 overlapping proteins (from two
groups). ALIX and HSP70, annexins and proteins
associated with the Ras kinase signaling pathway were
used as exosome markers, while intracellular (CNX)
proteins used as a negative control. The study, resulted
in identification of the following proteins in exosomes
isolated from seminal fluid: ACTB, GAPDH,
PHGDH, LGALS3BP and SEMG1; as well as bio-
markers of male infertility: SEMG1, SEMG2, PIP,
FN1, ACPP, KLK3.

Turay et al. compared exosomal proteins obtained
from plasma of ethnically different PCa patients. Exo-
somes were isolated using the commercial ExoQuick
kit (SBI, USA) [53]. The list of identified proteins
included proteins which were previously described as
associated with carcinogenesis and tumor growth:
DNA2, PIF1, FHL3, GSTO2, MELK, IRXS5,
MCM5, MTUSI, etc.

3.5. Ovarian Cancer

Yi et al. have shown that incubation of HUVEC
cells with exosomes produced by high-grade ovarian
carcinoma cells (SKOV3 and CAOV3) leads to a sig-
nificant increase in angiogenesis, migration, and
changes in cell morphology. Using proteomic analysis,
the researchers found 10 exosomal proteins of the
CAOV3 cell line associated with angiogenesis, includ-
ing EBNA1 and MTALI [54]. Liang et al. studied exo-
somal proteins of the OVCAR-3 and IGROV1 ovarian
cancer cell lines and found their association with car-
cinogenesis signaling pathways [55]. Proteins overex-
pressed in ovarian cancer tissue included: EpCAM,
PCNA, TUBB, EGFR, APOE, CLDN3. These
results have shown that, in addition to common exoso-
mal markers, vesicles contain proteins associated with
carcinogenesis and metastasis.

The comparative analysis of serum samples of
patients with diagnosed serous papillary adenocarci-
noma and primary cell lines obtained from patients
with hereditary ovarian cancer (UL-1, UL-2, UL-3,
UL-6, UL-B, UL-O) revealed ovarian tumor specific
miRNAs associated with tumor tissues (e.g., let-7i,
miR-16, miR-21 and miR-214) [56]. In addition, the
profiles of exosomal miRNAs coincide with the
miRNA profiles of tumor cells; this suggests that exo-
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somal miRNAs reflect the tumor profile and can be
used without biopsy.

4. PROTEOME MULTIPLEX PANELS
OF MARKERS

The lack of universal markers confirming exosomal
identity, as well as tumor-specific exosome markers
that would distinguish different types of cancer rep-
resents the main problem for the successful applica-
tion of exosome analysis in the diagnostics of malig-
nant tumors. Simultaneous analysis of the biomarker
panel can significantly increase the sensitivity and
specificity of diagnostics. Due to a possibility for
simultaneous analysis of many proteins in complex
biological matrices mass spectrometry is a promising
alternative to antibody-based methods.

The capabilities of targeted mass spectrometry
were previously used in our laboratory for quantitative
analysis of the CD9, CD63, CD82, and HSPAS mark-
ers in exosome samples isolated by differential ultra-
centrifugation, ultracentrifugation in a sucrose density
gradient or using precipitation [21]. According to our
data, the sucrose gradient ultracentrifugation appears
to be the most suitable for exosome isolation for sub-
sequent mass spectrometry. Shotgun mass spectro-
metric analysis of the exosomal fraction isolated by
this method from the plasma of healthy volunteers
resulted in identification of 108 proteins.
These included secreted proteins clusterin (CLU),
ezrin (EZR), galectin-3 binding protein
(LGALS3BP), haptoglobin related protein (HPR),
integrin-alpha-1I1B (ITGA2B), kallikrein (KLKBI),
thrombospondin 1 (THBS1) and vitamin K-depen-
dent protein S (PROS1). These proteins play a role in
the signaling pathways associated with various diseases
and can be considered as a panel of protein markers.

Most currently performed studies of extracellular
vesicles by using proteomic methods as the research
tool are aimed at comparative profiling of exosome
proteins in cancer patients and healthy volunteers.
Despite the fact that the data obtained are of great
interest from the viewpoint of searching for diagnostic
biomarkers, it is also important to know the molecular
features of various forms of cancer within one noso-
logical form.

In order to identify exosome proteins that can dis-
criminate variants of lung adenocarcinoma and col-
orectal adenocarcinoma, we have performed pro-
teomic profiling of exosomes of two cell lines of lung
adenocarcinoma (A549 and NCI-H23) and three cell
lines of colorectal adenocarcinoma (HT29, HCT-116
and CaCo-2) (Shushkova et al., in preparation). The
studied cell lines differ in the mutational status of the
KRAS, BRAF, PIK3CA, c-MYC and p53 genes, which
determines different susceptibilities to therapy, espe-
cially to targeted drugs. According to the results of
high resolution mass spectrometric analysis, 651 pro-
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All exosomes
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113

Exocarta Top100

(12.2%)

Fig. 3. The Venn diagram for proteins identified in exosome samples of lung adenocarcinoma and colorectal adenocarcinoma (All
exosomes) and for the proteins most commonly found in exosomes (based on the ExoCarta database) (Exocarta Top100).

teins were identified by at least two peptides in all exo-
somal samples. This included 82 proteins from the 103
most frequently found in exosomes (the ExoCarta
database materials) (Fig. 3).

Using the relative label-free quantitative analysis, it
was possible to determine tissue-specific proteins and
proteins specific for each cell line. The list of these
molecules included heat shock proteins, integrins,
proteins involved in exosome biogenesis, splicing,
RNA metabolism, cytoskeleton reorganization and
cell adhesion, in the regulation of cell growth, differ-
entiation and apoptosis. Exosome proteins that distin-
guish selected cell lines can serve as potential predic-
tive and prognostic biomarkers.

CONCLUSIONS

Exosomes preserve the properties of their produc-
ing cells and reflect their functions, therefore, the
study of the composition of exosomes is a promising
area in the search for new minimally invasive biomark-
ers of malignant tumors. Today, high-performance
omics technology is a powerful tool for the molecular
study of exosomes. Using genomic and transcriptomic
methods it is possible to replicate RNA and DNA
molecules, and this helps to “draw the M'Vs molecular
portrait” with the highest sensitivity. At the same time,
proteomic methods, primarily mass spectrometry
analysis, enable multiplex analysis of proteins that
most accurately reflect the tumor phenotype. Most
frequently, conditioned medium in which tumor cells
have been cultivated, is used as the research object,
and promising data at the level of RNA and protein
have been obtained for such models. It this context it

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 14

should be indicated that the validation of tumor mark-
ers must be carried out on the biological material from
patients, which primarily includes blood and urine, as
well as pleural effusion and seminal plasma. These
complex biological matrices rather than the primary
tumor cells attract much interest as sources of mini-
mally invasive biomarkers. Further research should be
directed towards the development of new approaches
to the accurate sensitive quantitative analysis of
the components of exosomes in complex biological
matrices.

ACKNOWLEDGMENTS

Own results described in Section 4 were obtained using
the equipment available at the Core Facilities “The Human
Proteome”, IBMC.

FUNDING

The study was supported by the Russian Science Foun-
dation, project no. 19-75-00044.

COMPLIANCE WITH ETHICAL STANDARDS

The study did not involve humans or animals as research
objects.

CONFLICT OF INTEREST

The authors declare that they have no conflict of
interest.

No.2 2020



114

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

SHUSHKOVA et al.

REFERENCES

. Graves, L.E., Ariztia, E.V., Navari, J.R., Matzel, H.J.,

Stack, M.S., and Fishman, D.A., Cancer Res., 2004,
vol. 64, no. 19, pp. 7045—7049.

Al-Nedawi, K., Meehan, B., Kerbel, R.S.,
Allison, A.C., and Rak, J., Proc. Natl. Acad. Sci. USA,
2009, vol. 106, no. 10, pp. 3794—3799.
https://doi.org/10.1073/pnas.0804543106

Ichim, T.E., Zhong, Z., Kaushal, S., Zheng, X.,
Ren, X., Hao, X., Joyce, J.A., Hanley, H.H.,
Riordan, N.H., Koropatnick, J., Bogin, V.,
Minev, B.R., Min, W.P., and Tullis R.H., J. Translat.
Med., 2008, vol. 22, pp. 6—37.
https://doi.org/10.1186,/1479-5876-6-37

Kosaka, N., Yoshioka, Y., Fujita, Y., and Ochiya, T., J.
Clin. Invest., 2016, vol.126, no. 4, pp. 1163—1172.
https://doi.org/10.1172/JCI81130

Harding, C., Heuser, J., and Stahl, P., J. Cell Biol.,
1983, vol. 97, no. 2, pp. 329—339.

Pan, B. and Johnstone, R.M., Cell, 1983, vol. 33, no. 3,
pp. 967—978.

. Raposo, G., Nijman, H.W., Stoorvogel, W., Licjendek-

ker, R., Harding, C.V., Melief, C.J., and Geuze, H.J.,
J. Exp. Med., 1996, vol. 183, no. 3, pp. 1161—1172.

. Zitvogel, L., Regnault, A., Lozier, A., Wolfers, J., Fla-

ment, C., Tenza, D., Ricciardi-Castagnoli, P.,
Raposo, G., and Amigorena, S., Nat. Med., 1998,
vol. 4, no. 5, pp. 594—600.

Théry, C., Ostrowski, M., and Segura, E., Nat. Rev. Im-
munol., 2009, vol. 9, no. 8, pp. 581—593.

Simons, M. and Raposo, G., Curr. Opin. Cell Biol.,
2009, vol. 21, no. 4, pp. 575—58]1.
https://doi.org/10.1016/j.ceb.2009.03.007

Harding, C.V., Heuser, J.E., and Stahl, P.D., J. Cell
Biol., 2013, vol. 200, no. 4, pp. 367—371.
https://doi.org/10.1083/jcb.201212113

Pan, B.T., Teng, K., Wu, C., Adam, M., and John-
stone, R.M., J. Cell Biol., 1985, vol. 101, no. 3,
pp. 942—-948.

Lafourcade, C., Sobo, K., Kieffer-Jaquinod, S.,
Garin, J., and van der Goot, F.G., PLoS One, 2008,
vol. 3, no. 7, e2758.

https://doi.org/10.1371 /journal.pone.0002758

Kalani, A., Tyagi, A., and Tyagi, N., Molecular Neuro-
biology, 2014, vol. 49, no. 1, pp. 590—600.
https://doi.org/10.1007/s12035-013-8544-1

Colombo, M., Raposo, G., and Théry, C., Annu. Rev.
Cell Dev. Biol., 2014, vol. 30, no. 1, pp. 255—289.
Ratajczak, J., Wysoczynski, M., Hayek, F., Janowska-
Wieczorek, A., and Ratajczak, M.Z., Leukemia, 2006,
vol. 20, no. 9, pp. 1487—1495.

Valadi, H., Karin, E., and Apostolos, B., Lipid Insights,
2008, vol. 1, no. 6, pp. 27—40.

Hemler, M.E., Annu. Rev. Cell Dev. Biol., 2003, vol. 19,
pp. 397—422.

Hanson, P.I. and Cashikar, A., Annu. Rev. Cell Dev.
Biold., 2012, vol. 28, no. 1, pp. 337—362.
https://doi.org/10.1146/annurev-cellbio-092910- 154152
Wubbolts, R., Leckie, R.S., Peter, T., Veenhuizen, M.,
Schwarzmann, G., Mdbius, W., Hoernschemeyer, J.,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Slot, J.W., Geuze, H.J., and Stoorvogel, W., J. Biol.
Chem., 2003, vol. 278, pp. 10963—10972.

Shushkova, N.A., Vavilov, N.E., Novikova, S.E., Fara-
fonova, T.E., Tikhonova, O.V., Liao, P.C., and
Zgoda, V.G., Biomed. Khimiya, 2018, vol. 64, no. 6,
pp. 496—504.
https://doi.org/10.18097/PBMC20186406496

Mathivanan, S. and Simpson, R.J., Proteomics, 2009,
vol. 9, no. 21, pp. 4997—5000.
https://doi.org/10.1002/pmic.200900351

Tung, K., Ernstoff, M., Allen, C., and Shu, S., J. Im-
munol. Sci., 2019, vol. 3, no. 1, pp. 4—8.
https://doi.org/10.29245/2578-3009/2019/1.1165

Whiteside, T.L., J. Clin. Invest., 2016, vol. 126, no. 4,
pp. 1216—1223.

https://doi.org/10.1172/JCI81136

Shu, S., Yang, Y., Allen, C.L., Maguire, O., Minder-
man, H., Sen, A., Ciesielski, M.J., Collins, K.A.,
Bush, P.J., Singh, P., Wang, X., Morgan, M., Qu, J.,
Bankert, R.B., Whiteside, T.L., Wu, Y., and
Ernstoff, M.S., Sci. Rep., 2018, vol. §, no. 1, 12905.
https://doi.org/10.1038/s41598-018-31323-7

Zhang, H., Deng, T., Liu, R., Bai, M., Zhou, L.,
Wang, X., Li, S., Wang, X., Yang, H., Li, J., Ning, T.,
Huang, D., Li, H., Zhang, L., Ying, G., and Ba, Y.,
Nat. Commun., 2017, vol. 8, 15016.
https://doi.org/10.1038 /ncomms15016

Beckler, M.D., Higginbotham, J.N., Franklin, J.L.,
Ham, A.J., Halvey, P.J., Imasuen, 1.E., Whitwell, C.,
Li, M., Liebler, D.C., and Coffey, R.J., Mol. Cell. Pro-
teomics, 2013, vol. 12, no. 2, pp. 343—355.
https://doi.org/10.1074/mcp.M112.022806

https://www.who.int/ru/news-room/fact-sheets/detail/
cancer.

Whiteside, T.L., Exp. Rev. Mol. Diagn., 2015, vol. 15,
no. 10, pp. 1293-310.
https://doi.org/10.1586,/14737159.2015.1071666

Reclusa, P., Taverna, S., Pucci, M., Durendez, E., Cal-
abuig, S., Manca, P., Serrano, M.J., Sober, L., Pau-
wels, P., Russo, A., and Rolfo, C., J. Thorac. Dis., 2017,
vol. 9, no. 13, pp. 1373—1382.
https://doi.org/10.21037/jtd.2017.10.67

Alipoor, S.D., Mortaz, E., Varahram, M., Movassaghi, M.,
Kraneveld, A.D., Garssen, J., and Adcock, .M., Frontiers
Immunol., 2018, vol. 9, 819.
https://doi.org/10.3389/fimmu.2018.00819

Lagos-Quintana, M., Rauhut, R., Lendeckel, W., and
Tuschl, T., Science, 2002, vol. 294, no. 5543, pp. 853—
858.

Rabinowits, G., Gergel-Taylor, C., Day, J.M.,
Taylor, D.D., and Kloecker, G.H., Clin. Lung Cancer,
2009, vol. 10, no. 1, pp. 42—46.
https://doi.org/10.3816/CLC.2009.n.006

Yuwen, D.L., Sheng, B.B., Liu, J., Wenyu, W,
Shu, Y.Q., Eur. Rev. Med. Pharmacol. Sci., 2017,
vol. 21, no. 11, pp. 2650—2658.

Yuan, D., Xu, J., Wang, J., Pan, Y., Fu, J., Bai, Y.,
Zhang, J., and Shao, C., Oncotarget, 2016, vol. 7,
no. 22, pp. 32707—-32722.
https://doi.org/10.18632/oncotarget.9017

Cazzoli, R., Buttitta, F., di Nicola, M., Malatesta, S.,
Marchetti, A., Rom, W.N., and Pass, H.I., J. Thorac.

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 14 No. 2 2020



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

EXOSOMES OF MALIGNANT TUMORS: PROSPECTS OF OMICS DIAGNOSTICS

Oncol., 2013, vol. 8, no. 9, pp. 1156—1162.
https://doi.org/10.1097/JTO.0b013e318299ac32

Jin, X., Chen, Y., Chen, H., Fei, S., Chen, D., Cai, X,
Cai, X., Liu, L., Lin, B., Su, H., Zhao, L., Su, M.,
Pan, H., Shen, L., Xie, D., and Xie C., Clin. Cancer
Res., 2017, vol. 23, no. 17, pp. 5311—-5319.
https://doi.org/10.1158 /1078-0432.CCR-17-0577

Huang, S.H., Qin, J., Li, Y., An, J., Zhang, J.H.,
Rong, J., Ye, S., Chinese Pharmacol. Bull., 2014,
vol. 30, no. 8, pp. 1090—1095.
https://doi.org/10.3109/07357907.2013.789905

Sandfeld-Paulsen, B., Aggerholm-Pedersen, N.,
Baek, R., Jakobsen, K.R., Meldgaard, P., Folker-
sen, B.H., Rasmussen, T.R., Varming, K., Jorgen-
sen, M.M., and Sorensen, B.S., Mol. Oncol., 2016,
vol. 10, no. 10, pp. 1595—1602.
https://doi.org/10.1016 /j.molonc.2016.10.003

Clark, D.J., Fondrie, W.E., Yang, A., and Mao, L., J.
Proteomics, 2016, vol. 133, pp. 161—169.
https://doi.org/10.1016/j.jprot.2015.12.023

Park, J.O., Choi, D.Y., Choi, D.S., Kim, H.J.,
Kang, JW., Jung, J.H., Lee, J.H., Kim, 1J.,
Freeman, M.R., Lee, K.Y., Gho, Y.S., and Kim, K.P.,
Proteomics, 2013, vol. 13, no. 14, pp. 2125—2134.
https://doi.org/10.1002/pmic.201200323

Niu, L., Song, X., Wang, N., Xue, L., Song, X., and
Xie, L., Cancer Sci., 2019, vol. 110, no. 1, pp. 433—442.
https://doi.org/10.1111/cas.13862

Thanikachalam, K. and Khan, G., Nutrients, 2019,
vol. 11, no. 1, e164.
https://doi.org/10.3390/nu11010164

Teng, Y., Ren, Y., Hu, X., Mu, J., Samykutty, A.,
Zhuang, X., Deng, Z., Kumar, A., Zhang, L., Mer-
chant, M.L., Yan, J., Miller, D.M., and Zhang, H.G.,
Nat. Commun., 2017, vol. 8, 14448.
https://doi.org/10.1038 /ncomms 14448

Mathivanan, S., Lim, J.W.E., Tauro, B.J., Ji, H., Mori-
tz, R.L., and Simpson, R.J., Mol. Cell. Proteomics,
2010, vol. 9, no. 2, pp. 197—208.
https://doi.org/10.1074/mcp.M900152-MCP200

Tauro, B.J., Greening, D.W., Mathias, R.A., Ji, H.,
Mathivanan, S., Scott, A.M., and Simpson, R.J.,
Methods, 2012, vol. 56, no. 2, pp. 293—304.
https://doi.org/10.1016/j.ymeth.2012.01.002

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

115

Choi, D.S., Choi, D.Y., Hong, B., Jang, S.,
Kim, D.K., Lee, J., Kim, Y.K., Kim, K.P., and
Gho, Y.S., J. Extracell. Vesicles, 2012, vol. 1, no. 1,
18704.

https://doi.org/10.3402/jev.v1i0.18704

Hannafon, B.N., Trigoso, Y.D., Calloway, C.L.,
Zhao, Y.D., Lum, D.H., Welm, A.L., Zhao, Z.J.,
Blick, K.E., Dooley, W.C., and Ding, W.Q., Breast
Cancer Res., 2016, vol. 18, no. 1, 90.
https://doi.org/10.1186/s13058-016-0753-x

Chow, A., Zhou, W., Liu, L., Fong, M.,
Champer, J., van Haute, D., Chin, A.R., Ren, X., Gu-
giu, B.G., Meng, Z., Huang, W., Ngo, V.,
Kortylewski, M., and Wang, S.E., Sci Rep., 2015, vol. 4,
no. 1, 5750.

https://doi.org/10.1038 /srep05750

Palazzolo, G., Albanese, N.N., di Cara, G., Gygax, D.,
Vittorelli, M.L., and Pucci-Minafra, 1., Anticancer
Res., 2012, vol. 32, no. 3, pp. 847—860.

Brett, S.I., Lucien, F., Guo, C., Williams, K.C.,
Kim, Y., Durfee, P.N., Brinker, C.J., Chin, J.I.,
Yang, J., and Leong, H.S., Prostate, 2017, vol. 77,
no. 13, pp. 1335—1343.
https://doi.org/10.1002/pros.23393

Yang, C., Guo, W., Zhang, W., Bian, J., Yang, J.,
Zhou, Q., Chen, Y.P., Chen, M.K., Peng, W., Qi, T.,
Wang, C.Y., and Liu, C.D., Andrology, 2017, vol. 5,
no. 5, pp. 1007—1015.

https://doi.org/10.1111 /andr.12412

Turay, D., Khan, S., Diaz Osterman, C., Curtis, M.,
Khaira, B., and Neidighi, J., Cancer Invest., 2016,
vol. 34, no.1, pp. 1—11.
https://doi.org/10.3109/07357907

Yi, H., Ye, J., Yang, X.M., Zhang, L.W., and
Zhang, 2.G., Int. J. Clin. Exp. Pathol., 2015, vol. 8,
no. 5, pp. 5062—5070.

Liang, B., Peng, P., Chen, S., Li, L., Zhang, M.,
Cao, D., Yang, J., Li, H., Gui, T., Li, X., and Shen, K.,
J. Proteomics, 2013, vol. 80, pp. 171—182.
https://doi.org/10.1016/j.jprot.2012.12.029

Taylor, D.D. and Gergel-Taylor, C., Gynecol. Oncol.,
2008, vol. 110, no. 110, pp. 13—21.
https://doi.org/10.1016/j.ygyno.2008.04.033

Translated by A. Medvedev

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 14 No.2 2020



	INTRODUCTION
	1. HISTORY OF STUDY, BIOGENESIS, CHARACTERISTIC MOLECULAR COMPOSITION OF EXOSOMES
	1.1. In silico Sources for Searching for Exosome Marker Proteins

	2. THE ROLE OF EXOSOMES IN TUMOR BIOLOGY AS A METASTASIS MEDIATOR
	3. APPLICATION OF OMICS APPROACHES FOR SEARCHING BIOLOGICAL MARKERS OF MALIGNANT TUMORS IN EXOSOMES
	3.1. Lung Cancer
	3.2. Colorectal Cancer
	3.3. Breast Cancer
	3.4. Prostate Cancer
	3.5. Ovarian Cancer

	4. PROTEOME MULTIPLEX PANELS OF MARKERS
	CONCLUSIONS
	REFERENCES

		2020-05-10T17:07:12+0300
	Preflight Ticket Signature




